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[Text] A discussion is presented of the methods and physical principles
of the electromagnetic shielding of radio-electronic equipment with filtra-
tion of the circuits introduced into the shielding. .

The book is intended for a broad class of specialists in electronics and
radioengineering working with electromagnetic shielding, the problems of
the electromagnetic compatibility of radio-electronic devices, and
radiation shielding. It can be used as a textbook.
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FOREWORD

Electromagnetic  shielding is widely and variously used in many branches
of science and engineering. In some cases, the shielding in the form of
measures which encompass enclosure of the radio-electronic equipment itself
and filtration of the networks and communication lines which go beyond the
shields is the only means of localizing and attenuating the electromagnetic
fields and radiation which inhibit stable, effective operation of the equip-
ment. However, more frequently shielding is used along with other means

of spatial, frequency, amplitude and polarization filtration of signals

and interference, and in this case it takes on the nature of an auxiliary
technical measure, the significance of which still almost always turns out
to be highly significant for achievement of the necessary quality of the
radiotechnical means and structures.

In spite of significant achievements, the general theory of electromagnetic
shielding i§ still highly complex. The majority of its applications are
limited to the scope of idealized conditions as a result of which the
quantitative relations which would be suitable for designing actual shielding
cannot be obtained.

Therefore, up to the present time many engineering problems have been

-solved and are being solved primarily by quantitative analysis and experi-
mental development. Almost all of the visible results of the work on shield-
ing and the results used in practice have been obtained by such methods.

- This has led to the fact that in the given field of engineering a number
of essentially different methods, technical solutions, designs and develop-
ments are being used for identical or similar purposes, and not all of them
are optimal with respect to efficiency, technological nature, required
material expenditures or other characteristics, The use of various design
approaches for the same shielding purposes with identical initial data

. often leads to contradictions in execution of the radioengineering devices
= and incompatibility of their operational and economic engineering indexes.

Consequently, the problem arises of the generalization and classification
of modern achievements in electromagnetic shielding design, the analysis of
pesitive experience in design practice, operation and maintenance and the
prospects for the development of this equipment, the formulation of the

2
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necessary recommendations, familiarization of radio speclalists and other
interested readers with the most significant results which have not been
widely published for a variety of reasons,

The given paper is an effort to promote the solution of this problem con-
sidering the significance and the content of widely recognized papers by
a number of Soviet and foreign authors: I, I. Grodnev, K. Ya. Sergeychuk,
D. N. Shapiro, G. Kaden, and so on.

The book is divided into three chapters.

Chapter 1 presents a brief characterization of radio interference and
methods of suppressing it considered, as is often done in engineering prac-
tice, as methods of diminishing the transfer of interference from its source
to the receiver.

Chapter 2 analyzes and describes the structural designs of the basic shield-
ing devices for radio equipment. The recommendations for the application of
these designs and the materials for them are formulated and substantiated
here. A study is made of the problems of the filtration of electric circuits
introduced into the shielding. Experimental.data and the design calculation
for actual shielding are presented.

In Chapter 3 a study is made of the peculiarities of designing shiélding
for various purposes. Some example designs are presented which will provide
the necessary shielding efficiency.

In this chapter primary attention is given to the most complicated shielding
problems which arise during the operation of radio engineering and electronic
devices under the effect of powerful radiators.

In many such cases a significant part of the efforts with respect to the
localization or attenuation of the fields produced by such devices can be
carried over to the creation of shielding which is external with respect to
the equipment and not integral to it. Shielded facilities and enclosures
constitute such additional shielding, the application of which offers the
possibility of obtaining more efficient and varied technical designs. Many
of the design elements of this shielding can be standardized with the
equipment itself.

Unfortunately, the limited size of this book has not allowed identically
complete coverage of all of the problems that are touched on in it. The
author has limited some problems to short discussions and references to

known papers. With respect to other problems only theoretical general
solutions are presented, The author considers that the area of application
of a significant part of the design solutions investigated in this book can
be expanded and specialized significantly depending on the specific operating
and design conditions of the equipment.

3
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The purpose and plan for the book were approved by Doctor of Technical
Sciences, Prof V. A. Potekhin and Doctor of Technical Sciences,
Prof A. P, Rodimov. : ' ‘

A. P. Rodimov made a number of valuable suggestions to the author with
respect to the content of the book.

Candidate of Techmical Sciences, Docent A. N. Polonskiy, who examined. the
entire work, was of great assistance. He made extensive comments and
suggestions with respect to the content of the book. 1In addition,

A. N. Polonskiy participated in the development of the materials for
Chapter 2 and §3.1.

V. V. Chekhovich kindly made some of the data on the shielding materials
available to the author, and L. S. Turin made it possible to include in
the book the results of the development of wide-band, interference-
suppressing filters prepared for publication by him.

The author expresses sincere appreciation to all of the mentioned comrades.
The author is also indebted to reviewers, candidate of technical sciences
Yu. V. Polozk, engineers M. L. Volin and G. B. Solov'yev~Yavits, who
performed a critical analysis of the manuscript and made a number of use-
ful suggestions for ‘mprovement of it.

Obviously, this paper has some deficiencies; therefore the author will
gratefully receive suggestions and comments by the readers, which should

be sent to the Sovetskoye Radio Publishing House (Moscow, 101000,
Glavpochtamt a/ya 693).
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CHAPTER 1. PHYSICAL PRINCIPLES OF ELECTROMAGNETIC SHIELDING
1.1. Radio Interference and Methods of Suppressing It

The reception of signals in communication lines and radio lines for various
purposes is realized, as a rule, in the presence of interference. It is
impossible at this time to mention an area of application of electronic and
radiomelectronic equipment where its use is not limited by interference,
without the consideration of which the operation of the equipment would be
of little value.

The studies of radio interference have made it possible to classify them
by interference of natural and artificial origin. The former include

atmospheric, space and operating interference, and the latter, industrial,
radio interference, mutual and intentional interference. The radio inter-
ference caused by electrostatic charges occupies an intermediate position.

The study and the development of organizational, organizational-technical

and technical methods of attenuating mutual and industrial radio interference
enter into the so-called problem of electromagnetic compatibility of radio
devices which is one of the leading problems in the development of modern
radio-electronics. A large number of papers have been published on the prob-
lem of electromagnetic compatibility. Without going into an analysis of the
problem itself or the papers written on this problem, let us reference one

of them [1] which provides the most complete statement of the problems.

In this paper an analysis is presented of the content of the problem of
electromagnetic compatibility. A detailed classification of interference
is presented, and apparently, it is noted for the first time that electro-
magnetic shielding is one of the most important engineering methods of
solving the problem.

Considering the groupings or complexes of radio-electronic devices, they
are divided into concentrated and distributed,

The concentrated complexes or radio-electronic.devieces are placed in more

limited space, usually within one or several Jointly or closely arranged
. units. The control systems for the radio-electronic devices of the same

5
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concentrated complex, as a rule, are general, interacting or at least having
the possibility of exchanging information about operation of their own
means (or means controlled by them). Therefore, the operation of the
radio-electronic devices of one and the same mobile or stationary concen-
trated complex with mutual interference as a result of comparison of the
operating frequencies or overlap of the required frequency radiation recep-
tionbands is in practice excluded. The basic form of mutual radio inter-
ference is interference caused both by side and extraband radiation of the
radio-electronic devices and by side and extraband reception channels.
Sometimes this interference is called mutual radic interference in the near
zone. Its appearance is caused in many cases not only by the properties
and characteristics of the equipment provided for by its functional design,
but also spurious communications and inductions which, in turn, can be

a consequence of the poor design of the radio-electronic equipment or

radio complex as a whole and also a consequence of the restrictions exclud-
ing the application of improved designs. Let us note that every type of
radio-electronic equipment (transmitter, receiver or other device) made up
of elements or units can also be considered as a concentrated complex of
radio-electronic means. It is obvious that even without analyzing the
physical principles and the technical possibilities of electromagnetic
shielding it is possible to conclude that it is the most important means

of controlling mutual radio interference of radio-electronic devices in the
concentrated complexes, a technical measure having the purpose of attenuating
spurious communications:.and inductions, localizing side and extraband
radiation of the radio-electronic reception channels.

The distributed complexes are more spread out. The radio-electronic devices
of such complexes, if they belong to different installations or are not
combined by a general organization and control system, basically create
mutual interference when operating in the overloaded segments of the radio
frequency band. The interference of the radio-electronic devices of
distributed complexes sometimes is called mutual radio interference in the
far zone. The propagation and effect of mutual radio interference in the
far zome usually take place in regular directions provided for by the func-
tional layout of the radio-electronic equipment. It is obvious that the
control of this type of interference is mainly by methods developed within
the framework of the theory of noise suppression.

The development of the electrification of the country, the application of
electrotechnical and radio-technical equipment in the national economy,
public health, the use of equipment with complex electronic control systems
and also the presence of an enormous fleet of electrical household
appliances are leading to a sharp increase in the level of radio inter-
ference of industrial origin, interfering with the normal operation of
radio-electronic equipment.

Another source of industrial radio interference is made up of electric
power supply systems and elements of them, control systems, the automation

6
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of the radio-electronic devices themselves or complexes of radioc
electronic devices, In many cases, for example, the effect of this source
is predominant at the receiving centers.

Y.
Ly

- Figure 1.1. Simplest equivalent éircuit diagram of an
interference generator and receiver

Any electrical or radio devices, a complex or group of radio-electronic
devices can be considered as a set of some number of noise generators and
recejvers connected in a defined way by coupling elements. It is obvious
that this representation can be used for any spectral structure of the

radio interference. It is natural that in the given case the application of
the terms '"generator" and "receiver" has a provisional nature. As for the
communication elements, they can be real radio elements of a theoretical
electric circuit and the structural elements of radio-electronic equipment
or the space surrounding them reduced to an equivalent electric circuit.

In the simplest case the circuit looks like the one shown in Fig 1.1,

where Z; is the complex internal resistance of the noise generator, and

Zg is its complex load equivalent to the coupling element and the interference
receiver, that is, a unit or element of radio-electronic equipment sensitive
to this interference.

The entire structure of the couplings of the interference generators and
their loads (the elements of radio-electronic equipment susceptible to
interference) is sometimes called the equivalent noise-carrying network,
independently of its complexity.

If the receiver is located at a distance of less than A/2w, where A is the
wave length, then it is meaningless to talk about the fact that the inter-
ference reaches it by radiation or by interference-carrying conductors with
a total resistance modulus of them equal to zero. It 1s more correct to
consider that the interference reaches the receiver through its capacitive
and inductive couplings to the interference source and the interference-
carrying conductors or other interference-carrying elements of the radio-
electronic circuitry and structural elements.

The equivalent electric circuits usually are obtained when analyzing the
couplings of the source of interference to the receivers. These couplings
(paths of interference propagation) can be symmetric and asymmetric (see
Fig 1.2), The symmetric path (Fig 1.2, a) presupposes the propagation of
the interference over two lines, and the asymmetric (Fig 1.2, b), over two
lines and a common line (the "ground") with closure through the capacitances
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between the ground and both lines (Zy; 2. ) and between ground and the
’

housing of the source of interference (ZH - The propagation of inter-
ference over a symmetric path usually turns out to be more favorable, for

as a result of the reciprocal electromagnetic fields, significant inter-
ference condensation takes place, as a result of which its symmetric
component will be less than the asymmetric component. BReginning with the
fact that the asymmetric currents and voltages are predominant, it is con-
sidered that the intensity of the given interference generator can be
characterized only by these components with sufficient accuracy for practice.

1)

P Hemovnux F—_—ﬂ
cmoynux ]
K{fsx :D 2y nomex e

a) k)

- Figure 1.2. Symmetric and asymmetric couplings of the inter-
ference sourceand receiver
Key: 1. Interference source

In the simplest circuit on some frequency the load voltage will be

E

V=2, .1

u Zi+ 2y z“ (1 )
and the amplitude of this voltage will be

Unm=£z:‘—' 2y (1.2)

where L is the amplitude of the generator emf; zy, zj are the resistance
moduli of the load and the total resistance of the circuit respectively
[Z"=Zi+ZH) .

If the generation and transmission of the oscillations to load is the
useful function of the circuit,then Z; and Zy are selected so as to obtain
the maximum power of maximum voltage on Zy.

However, the conditions of usefulness of the circuit must be satisfied only
in a defined part of the spectrum. In the general case, along with genera-
tion of the useful oscillations, the gemerator creates a noise voltage
also in the load [2]. In order to attenuate the interference to admissible
levels, the matching additions with respect to power or with respect to
voltage must be satisfied with the required accuracy only for the signal.
This means that frequency-selective elements must”be introduced into the

- system, the effect of which is equivalent to the operation of a shield or
filters in the interference-carrying lines. Consequently, on the whole,
the simplest coupling of the generator E to the load Zy must satisfy the
matching conditions only in the signal frequency band, and in the noise

8
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spectrum it 1s necessary to obtain Em/UmH=zn/zH>>l. Obviously, the stronger
this inequality, the more effective the noise attenuation.

The solution of this problem is impossible without determining the frequency
characteristics of the generator E, its internal impedance Z; and load Zy.

The spectral charaeteristics of the generator can be obtained by calculation
or more reliable means of direct measurement of them using the measuring
interference receiver [3], professional receivers, selective volt meters,
and other analogous measuring devices. The application of nonspecialized
equipment, for example, professional receivers, leads to complication of
the measurement procedure and system, for it is also necessary to use
standard signal generators, calibrated attenuators and coupling elements.
In the simplest system when taking the spectral characteristics of the
generator emf E, the condition zy>>2zj must be satisfied, which corresponds
to approximation of the operating conditions of the circuit to the no-load
conditions.

The most complicated is determination of the characteristics Zi and 2y
which must be satisfied under operating or static conditions of the system.
The measurements in the static state turn out to be inappropriate in a
number of cases. This especially pertains to such sources of interference
as rectifying and contact devices, the active elements of the recelving and
transmitting radio chamnels, electronic instruments, mercury tubes,
thyristors, and so on. For many situations, nevertheless, it is possible
to limit ourselves to measurement of Z; and Zy under static conditions if
the transition to the dynamic state does not lead to variation of the
nature of these resistances (from capacitive to inductive and back) and
variation of their moduli by more than 10-15%.

The equivalent circuit diagrams of sources and receivers of interference
can be very complicated. Their analysis in general form and in specific
applications in the presence of sufficiently wide band interference requires
full application of the apparatus of electric circuit theory, which is not
always possible in engineering practice requiring that operative estimates
be obtained. In addition, many data on the equivalent circuit parameters
are frequently unavailable, and exact determination of them, theoretical
or experimental, entails significant expenditures of time and resources.
The use of less precise data can lead to a situation where the strict solu-
Y tion will be out of the question, for the absence of the results of this
solution excludes the possibility of developing the requirements on the
error in planning the parameters; therefore the complex circuits are
expediently characterized by the so-called interference transfer coefficient
[4, 5] defined as the ratio of the maximum effective value of the inter-
ference voltage at the output of the generator (considering its internal
resistance) to the effective value of the interference voltage at the
input (on the input terminals) of the receiver:

Ka=Un/Ea. (1.3)
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The voltage E; is the analog of the emf induced in the equivalent antenna
of the interference receiver. Both effective values are determined in the
same frequency band and in the common time interval of the interference
effect. Thus, the circuit diagram of the effect on the receiver is
represented by three elements (see Fig 1.3)1

Electroradio devices -~ the source of interference represented ini the form
of a high-frequency oscillator (1), the coupling elements of the inter-
ference source to the input of the receiver represented in the form of a
quadripole (2) characterized by the attenuation coefficient of the radio
interference voltage on transmission of it from the source terminal to the
receiver input; the radio receiver (3) represented in the form of a two-
terminal network which is acted upon by the source of the interference
through the abovewindicated circuit quadripole.

~
o~

—{
Eglbu)

Figure 1.3. Circuit diagram of the effect of the source of
interference on the receiver

The results of the analytical calculation of the interference transfer
coefficient even in the simplest cases differ significantly from the true
values; therefore it is determined experimentally.

In order to measure the transfer coefficient, an oscillator which has a
sufficient output voltage level in the given frequency band is included

in the interference-carrying network in place of the noise source. The
voltage of this oscillator is measured at the points where it is connected
to the interference-carrying network, and it is the voltage of the equivalent
noise generator Up. The voltage at the input of the receiver E; arising
under the effect of the oscillator is determined directly by a noise meter.
Measures must be provided for here to match the resistances of the antenna-
feeder system and the meter. In order to obtain the frequency function,
the transfer coefficient is measured on frequencies or in frequency bands
within the limits of the required frequency range.

In a specific device, the noise transfer coefficient to the individual

nodes of a device can be determined analogously -- by connection of .an out-
side standard signal generator to the noise source in’ the nonoperating state
and measurement of the interference leyels induced in each of the sensitive
elements of interest to the designer.

In the simplest equivalent circuit diagram, if we adhere strictly to the
definition of the transfer coefficient, it 1s equal to one. This is obvious,
for i1t is assumed in it that the interference-carrying connections have
Tesistances of zero. The inclusion of at least one additional two-terminal

10
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network in these circuits (see Fig 1.4, a) offers the possibility of
analyzing even the simplest circuit with the help of the transfer coefficient.

. Z;

Z; 2, ,_____fi.____z_‘...__ -
i
|

d ;E_E ‘
Uy Uy zﬁ} £ Z Zy g‘ @ ﬁ

L

a) 1) fe)

Figure 1.4. Interference suppression at the source itself

Actually, according to Fig 1.4, a, we have
Ko=Uxz/ Un=2pn/2s, l (1'4)

vhere Uy, Uy are the effective values of the interference at the generator

output considering its internal resistance Z; and the load voltage,

respectively, and zpy is the modulus of the total resistance of the series
- circuit made up of Zp and 2y, inasmuch as zDHszH+zD, then

Ko< (22+20) J2n=1+2x/2n. (1.5)

If we consider that in the interests of nolse suppression it is necessary
to achieve an increase in Ky, then a value determining the limits of the
admissible values of the transfer coefficient is entered in the righthand
side of the inequality.

From the presented formulas for Kj of the simplest'circuit with an additional
two-terminal network it follows that:

As expected, the coefficient Ky does not depend on the oscillator emf or,
consequently, its spectral characteristics; this is true for all cases where
the equivalent interference transfer circuit is linear;

The value of Ky increases with an increase in zp and a decrease in zg in
" the required frequency range; this is equivalent, first of all, to the
- interference suppression measures at the point of their occurrence,
secondly, in the propagation channel and, thirdly, an increase in the
interference suppression of the receiver or mismatch of its input impedance
to the nolse generator,

Thus, depending on the specific conditions, the suppression of the radio
interference can be realized at the source itself at the point of its
occurrence, on the propagation paths and in the receiver, Technically,
the use of the enumerated procedures simultaneously is the most efficient.
In this case, one of them will be the basic method.

11
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- The obvious possibility of improving the interference suppression in the
device reduced to the simplest equivalent diagram consists in inclusion of
elements between the oscillator and the load which can be represented by

a quadripole with frequency characteristic similar to the characteristic
of the L-type LC element. The inclusion of the capacitance C parallel to
the load and the inductance L in the horizontal branch of the circuit (see
Fig 1.4, b) permits Ky to be increased as the interference frequency
increases. If the inductive and capacitive resistances change places, it
is possible to obtain the inverse dependence on the frequency. 1In the
general case, if we include between the generator and the load a filter C
(Fig 1.4, c¢) -~ a low-frequency filter, high~frequency filter or band filter
with given frequency characteristics in the transparency and suppression
bands -- on consideration of the parameters of theresistances Z{ and Zy
we can obtain values of Ky which satisfy the standards, the operating and
technical conditions of the radio-electronic equipment. In real devices
the circyit and structural elements of the radio-electronic devices,
including the shielding, can play the role of the filters.

Increasing the interference transfer coefficient or the effectiveness of
the interference suppression is always limited by the material expenditures
and the characteristics of the radio-electronic. equipment. Therefore the
practical realization of the measures with respect to protection against
interference is carried out to achieve some residual level of it insuring
maintenance of the signal/interference ratio within the admissible limits.
It is obvious that the minimum admissible value of the signal/interference
ratio is determined beginning with the operating conditions of the radio-
electronic equipment or the requirements on the equipment and the radio
lines. The admissible signal/noise ratio must be established for the radio-
electronic equipment as a whole and for individual devices of the equipment
considering the entire set of interference.

The practice of suppresion and the statistical material onthe radio inter-
ference levels created by various sourcs have made it possible to standardize
the interference which is being improved continuously within the limits of
.increasing the effectiveness of using radio-electronic equipment.

On the basis of the standardization of the radio interference with known
characteristics of its sources, requirements can be formulated on the
suppression systems or the parameters of the interference~carrying network
(the transfer coefficient), For example, if in accordance with the operating
conditions of the radio-electronic equipment for given values of the signal
voltage U,, the interference voltage at the input of the investigated

device Uy 5, must be such that Ue /Uy inpZKe I,

then inasmuch as, according to the definition of the transfer coefficient

in the given case Up inp=UHé ~

we obtain

Ku=(UnlUc) Ken, (1.6)
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where, just as before, Uy is the interference voltage at the input of the
interference~carrying network.

Analogous estimates can be obtained for maximum and mean values of the
interference levels for minimum and mean values of the signal level.

In the general case the mutual and industrial radio interference are random,
containing, however, deterministic components. The levels of the
deterministic components of the interference are determined in the broad
sense by their type and the type of interference situation. In specific
cases, the weight of the deterministic components turns out to be essentially
dependent on the factors causing interference, the phenomena promoting the
propagation of the interference and its penetration to the radio-electronic
equipment, and the nature of the effect of the interference on the operating
quality of the radio lines,

The most deterministic turms out to be the industrial radio interference
of stationary installations and devices acting on the statiomary radio-
electronic equipment. Here the random component of the interference usually
is negligibly small. In the majority of cases it appears possible and
expedient to consider mutual radio interference in the near zone of
stationary radio-electronic devices, their individual structures and elements,
to be deterministic. As'the mobility of the radio-electronic equipment
increases and there is greater variety of the operating conditions of the
_ radio devices, the random nature of the mutual radio interference in the
near zone and the industrial radio interference becomes more and more per-
ceptible. As for the mutual radio interference in the far zone, it is
almost always purely random with the exception of such comparatively rare
situations where the radio-electronic equipment making up the radio lines
operates on strictly regulated frequency bands of the nonoverloaded segment
of the radio frequency range in standard installations with invariant
propagation conditions of the radio waves. It must be noted that the random
nature of the mutual interference in the far zone has a significant effect
on the mutual radio interference of the radio devices of concentrated units.
The cause for this is the necessity of varying the operating conditions of
radio devices as a result of the effect of the radio frequency situation in
the far zome, that is, as a result of mutual interference of the radio-
electronic equipment of the various radio lines placed on the various concen-
trated units.

The random nature of the radio interference does not exclude the necessity
or the possibility of standardizing it. In the presence of a sufficient
volume of statistical data, the standardization can be carried out most
completely and reliably by the probability criteria with the required-level
of reliability.

In the absence of sufficiently complete statistical data on the radio

interference, the operative evaluation of the required values of the trans-
fer coefficient can be deterministic, performed onm the basis of assignment
of the most probable maximum and minimum signal interference levels. This
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operative estimate is, as a rule, high, excluding gross errors and
determining the required effectiveness of the noise suppression system.

For example, for the first five television channels a signal field infensity
of E;=500 microvolts/m is required for K. 12100, If an dndustrial source

of radio interference located in the reception zone creates smooth non-
sinusoidal interference at the receiver input with an effective value of

the voltage within the 1limits of the frequency band of the channel

"Up=30 microvolts, then with an effective.antenna height of hp=0.5 meters

we have KHZ(UHKC n)/(EChD)=(30-100)/(500x0.5)=12.

Undoubtedly, this estimate and similar estimates are rough and high, as

a result of which they are uneconomical, However, in the interests of
solving the problems and, in particular, developing technical requirements
for the shielding, these estimates can be suitable, especially under con-
ditions which are close to deterministic,

The optimal requirements on the systems for suppression of mutual and
industrial radio interference can be obtained only on the basis of analyzing
the sufficient volume of statistical material.

The analysis of the statistical characteristics of the radio interference
and alsc the methods of obtaining them is the focal point of a great deal
of research and goes beyond the scope of this paper. As an example, it is
possible to indicate references [6-9].

The suppression of the radio interference on the transfer paths is realized
in the channel, which is a part of the interference~-carrying network. By
the interference-carrying channel we mean the set of elements and devices
of the radio-electronic equipment and propagation means connecting one
interference source (generator) to one receiver (an element of the equipment
susceptible to this radio interference). In other words, the interference
transfer channel is the part of the interference-carrying network which is
isolated when investigating the elementary situation of the effect of one
interference generator on one receiver. Here the other network elements
(generators and receivers) not influencing the investigated generator and
receiver, are excluded from the analysis, and in the presence of such an
effect, it is taken into account in the equivalent channel parameters.

The interference transmission channel is distinguished from the radio
communications channel by shorter extent, variety and complexity of structure,
the presence of a large number of random elements promoting the propagation
of the interference or suppressing it. The possibility of propagation
of interference from the generator to the receiver along several paths

_ gives rise to phenomena in the channel which are analogous to signal and
noise fading in the radio communications channels, Thus, in general form
the interference transfer channel can be simulated by a quadripole with
variable parameters, -the variations of which in time can be random, The
channels with variable parameters are the subject of study of the theory
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and practice of communications and, above all, radiocommunications. However,
the theory of radio communications cannot fully deal with the interference
transfer channels as a result of the fact that they can be more complicated
than radio channels, Therefore the comparatively few papers in which these
channels are investigated cannot be considered sufficient for a complete,
even approximate, solution of the problem of interference suppression. On
the whole, it is found that the engineering solutions reached here are based
primarily on the analysis of various special cases.

The analysis of the interference transfer channel for interference propagated
by direct radiation of it, is the most complicated. 1In radio communications
these problems pertain primarily to the study of the electromagnetic fields
in the far radiation zone. In order to suppress matual and industrial

radio interference by various methods, including shielding of the inter-
ference sources or the elements of the radio-electronic equipment susceptible
to them and individual radio devices, the investigation of the near zone
fields is no less important than the far or intermediate zone. Here it must
be emphasized that the radiators and the receiving antennas for mutual and
industrial radio interference are in many cases not the antenna or antenna-
feeder systems themselves, but all possible parts and structural assemblies
of the radio-electronic equipment or mobile and stationary installations
where this equipmentr is located, the cable and line structures, the electric
power supply networks, control networks, signal and communication networks,
and so on. In the far zone, the magnetic field is determined by the current,
and the electric field, by the charges in the corresponding radiators. The
field has:a predominantly reactive nature, for the vectors E and H vary in
time with respect to magnitude and direction analogously to the variations

of the voltage and current in the reactive elements. In this zone for the
oscillatory nature of movement of the main part of the energy, the electric
and magnetic fields can exist separately at certain propagation points with
predominance of one component or another, inasmuch as for distances of less
than a wave length, for instantaneous values of the variable fields, the

laws of constant fields are applicable. ’

The field in the near zone is essentially nonuniform, and the wave impedances
of the field components are reciprocal. The electric field has high wave
impedance, and the magnetic field, low. 1In [10] it is shown that if for
normal incidence of a wave:

for the electric dipole zE:EE/HE?

~—

for the magnetic field ZH=Eﬁ/§H’

where EEEH’ ﬁéﬁﬁ are the complex amplitudes of the electric and magnetic

componeunts of the field respectively; Zp is the total impedance of the
medium of the electric component of the wave which for simplicity is called
the electric wave impedance; Zy is the magnetic wave impedance, then the
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values of the moduli of the indicated resistances for the near and far
zones are determined from the expression

_ 2z By ET.
Ze=ramr Ve

Z=2,1+60 Y T8 (1.7)

where B8=2n/).

Fig 1.5 shows the functions ZH=ZH(2nr/A) and ZE=ZE(2nr/A) corresponding to

the formulas (1.7). 1In the limiting case for Br<<l, the most characteristic
for the near zone is ZE:ZO/Br, Zy~ZgBr, ZE>>ZH,

In the other limiting case for 8r>>1, the most characteristic for the far
zone is ZE:ZH:ZO=377 ohms. This is the case of férmation of a wave in the

far zone with identical values of the electric and magnetic components form-
ing a single electromagnetic process. For the intermediate values of Br,
Zg and Zy approach Zy- For Brr0.71 we have ZE:ZH, which corresponds to

phenomena which are characteristic for the far zone, With a further
increase in Br, we have ZH>ZE. However, with subsequent increase in 8r
this inequality attenuates and in practice for r>3\ it is converted to an
approximate equality, the accuracy of which increases monotonically with
an increase in r. The passage of the curves through the point Zy=Z; and
attainment by them at 2mr/A=1.15 of extremal values equal to Zg pi,=0.68Z

and Zy max-1-47Z, indicate that beginning with Br=0.71, the magnetic

dipole creates an electric field, and the electric dipole, a magnetic field.
As is known, with an increase in distance the field energy created by an
electric dipole damps inversely proportionally to r3 for the electric
component and r2 for the magnetic component. In practice, for the electric
component of the field, the attenuation must be considered proportional

to 1/r3 for r<0.1X, proportional to 1/r2 for 0.1A<rg3A and for r>3a,
proportional to 1/r. The latter fact must frequently be considered, for
the majority of the radio interference measurements both in the far and in
the near zones are realized by determining the electric components.,

The basic practical value of the functions Z =ZH(2nf/A) and Zg=Zyp(27r/1)
presented in Fig 1.5 consists in the possibi?ity of determining the wave
impedances of the field components at the given distance from the source

= and, consequently, approximate determination of one of the field components
with the other known. The schematic for the calculation can appear as
follows.  For known A, r, E or H, first Br is determined, then the
corresponding values of ZE/Z0 and ZH/‘Z0 are found, Inasmuch as these

values correspond to defined ratios of the field components, the latter are
determined by elementary calculations. However, this solution is not
unique from the.point of view of determining the nature of the dipole,
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Figure 1.5. The wave impedances of field components as a
function of 2mr/A

If the nature of the emitter is unknown, it is possible to give only a
qualitative estimate, using the general properties of the interference
source and considering that if the equivalent emitter is an electric
dipole, then the value of the magnetic component of the field can be
neglected.

It is possible to realize the quantitative estimate, comparing the fields
of the equivalent horizontal frame with the field of the equivalent vertical
electric dipole. Therefore when determining the electric component of the
field intensity the measurements must be made both for horizontal and
vertical positions of the meter antenna.

In the absence of possibilities of differentiated estimation of the field
components with respect to nature, magnitude, and space, a more generalized
characteristic of the emitter is used —-— the effective height (area) of

the equivalent antenna. Considering the phenomenon of decreasing the -
electric field intemnsity in the near zone on going away from the emitter,
it is possible to consider that

E="hy, (1.8)

a2 r

where o 1s the proportionality coefficient and the matching coefficient
of the dimensions of the left and right sides of the expression; hp is
the effective height of the receiving antenna; r is the shortest distance
from the antenna to the equivalent emitter; Uyp 1s the effective value of
the interference voltage fed to the emitter.

In the far zone the electric-and magnetic field intensities are proportional
to the oscillation frequency, and the power of the oscillations is propor-
tional to the square of the frequency, which explains the increase in
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efficiency of the antenna of fixed geometric dimensions with an increase
in frequency,

The electric and magnetic fields in the propagated electromagnetic wave
are continuously mutually transformed. At equal distances from the
emitter the electric and magnétic fields are in phase and form a surface
in the form of a sphere called the wave surface, Consequently, the
electromagnetic waves propagated in space are spherical. With significant
radius of the sphere, a small area on its surface can be approximately
considered planar. Therefore in the emission zone with insignificant
dimensions of the receiving antennas, we always operate with plane waves
for which the ratios between the field components are known.

The space in which the interference is propagated on emission usually is

not uniform. This can be made up of the parts of the structural elements

of the radio-electronic equipment, the volumes inside and outside the equip-
ment with different parameters of the internal environment, and finally it
can be the territory of an industrial or radio engineering installation
with the structures, communication lines, metal and other structural
elements belonging to it. All of these elements change the propagation
conditions of the radio waves, the configuration and distribution of the
field. The determination of the resultant field intensity at any point of
this space by analytical means is a highly complex problem even for
stationary radio-electronic equipment and comparatively simple statiomary
installations, for on propagation of radio interference multiple reflection,
interference and diffraction of the radio waves are observed. A solution
of this problem for mobile radio-electronic devices and installations is
still more complicated. Therefore the investigation of the electromagnetic
situation of an area or section where interference is propagated is

carried out experimentally with processing of multiple measurement results
under various conditions by the methods of mathematical statistics. Here

it is necessary to understand the basic laws of individual phenomena and

the processes of formation and propagation of radio interference, which
makes it possible to correct and use the experimentally recorded electro-
magnetic situation for interference suppression, adapting it to the specific
conditions. It is possible to use various technical means for the indicated
purposes.

In the general case in the presence of an obstacle on the propagation path
with electrical parameters that differ from the wave parameters, the
electric field varies as a result of the secondary field dispersed by the
obstacle. The essence of these variations is analogous to the phenomena

of reflection and refraction of waves at the interface of two media, but
it is significantly more complicated here. The practical utilization of
these phenomena to decrease the effect of the interference can also occur
in the presence of natural barriers which must be taken into account in
the specific situation.
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The attenuation of the interference propagated in the transfer channel
by radiation can be obtained using the effects of radio wave polarization
[11, 12]. The use of the polarization selectivity of the devices performing
the functions of recelving antennas for the radio-electronic elements
susceptible to the interference can decrease the effect of this inter-
ference significantly. Practice shows that in the absence of the possibility
of broad application of branched polarization lattices it is possible to
achieve some decrease in the effect of the interference source on the receiv-
ing antenna, orienting it perpendicularly to the radiator and thus obtaining
the simplest polarization decoupling. In some problems of the design of
radio-technical devices it appears expedient to use various materials and
means of propagating the radio waves to obtain polarization decoupling of
the sources and the receivers of the interference or in order to increase -
the polarization selectivity of the radio-electronic elements subject to
the effect of the interference inasmuch as, as 1s known, a wave passing
from one medium to the other in the general case is not only reflected and
- attenuated, but also changes its polarization. On the other hand, the
natural barriers do not identically attenuate the waves of different polari-
zation. Thus, for example, in the case of vertical radiation polarization
the required attentuation is caused by the vertical barriers, just as for
horizontal polarization, the horizontal barriers. The indicated phenomena
almost always are considered when designing shields to the degree as is
required by'the electromagnetic situation, the structure of the object, the
standard for suppressing radio interference and the type of shielding.

Two more important circumstances of the use of phenomena characteristic of
the far zone must be noted in order to suppress the radio interference,
realize the requirements with respect to joint and close arrangement of the
radio-electronic elements and the radio-electronic devices and, consequently,
the design of both comparatively small-scale shielding and large electro-
magnetic shielding systems.

The first fact is that the dependence of the radiation direction, diffraction,
absorption, interference and polarization of the radio waves on the frequency
does not have a sharply expressed nature. The frequency limits of these
relations are "diffuse,” and their comparatively wide-band nature -does not
offer the possibility of obtaining complete spatial and polarization
separation of the interference sources and receivers as a result of shield-
ing alone. Without taking special measures it is impossible to achieve a
significant gain either with respect to the frequency compatibility of the
radio-electronic means or the radio-electronic elements. Therefore when
operating in the overloaded segments of the radio frequency band adjacent
to or close to the frequency bands of radio-elcctronic devices and radio-
electronic elements, the mutual separation of which at distances insuring

_ the required damping of the interference is impossible, it is necessary to
resort to time separation.in the operation of the equipment and to the
frequency filtration measures.
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The inclusion of the filters in the equipment can be highly varied, They
can be in different channels, but they can also be elements of emitters and
the receiving antennas essentially limiting their frequency bands. As an
example it is possible to present the application of a lattice made of
threshold waveguides installed in front of the receiving antenna and equiv-
alent, as is known, to a high-frequency filter. Let us also note that the
shielding of the device is in the near zone or the emitter directly itself

- is also wide-band. Therefore the application of the means of radio frequency
filtration turns out to be no less necessary for decoupling of the jointly
arranged elements inside the radio-electronic equipment and with joint
placement of the radio-electronic devices than the shielding.

In the majority of cases, the shielding and filtration systems have a sig-
nificant effect on the overall dimensional characteristics of the equipment,
which forces in practice complete withdrawal from the realization of the
required relations between the radio-electronic elements of the same installa-
tion by the emission of signals and resorting everywhere possible to the

use of shielded feeders and cables.

The second circumstance consists in the fact that the far zone is character-—
ized by the presence of the already-formed direction characteristics of the
emitters and receiving antennas. In our investigation, each of these
devices in the overwhelming majority of specific situations is not a
specialized antenna~feeder system. It is possible to say that from the
point of view of shielding the properties of the radiation and reception of
electromagnetic waves are almost always side properties accompanying the
basic functions of the radio-electronic elements. However, for any radio-
electronic element that emits or receives radiation among the varilous types
of transmitting or receiving antennas, an approximate analogy can be
found to the configuration corresponding to this element, the geometric
dimensions and the feed technique.

- By the known radiation patterns of the analogous antenna, its operating
conditions, the operating frequency range and other parameters it is possi-
ble approximately to determine the field structure for the given radio-
electronic equipment and the possibility of the reception and emission of
interference and also the nature of the interaction of this element with
the other fields of the interference-carrying network. This means:that the
presence of the characteristics of the analog antenna and spectral character-
istics of the possible emissions and reception channels permits to some
degree estimation of the role of the investigated device in the general
electromagnetic situation on the installations, prediction of it and the
making of the corresponding preliminary decisions with respect to selection
of the trends in the design of the system for suppression of mutual and
industrial radio interference. Tt is obvious that the forecast can take
into account not ouly the spatial and spectral characteristics of the
emission and the reception channels, but also their energy indexes and the
duration of the probable intervals of simultaneous operation of the radio-
electronic devices.
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Usually the area of direct effect of the interference does not go beyond the
limits of the circle, in the center of which the source is located, and

the maximum radius is from 100 meters to several kilometers. In some

cases, Interference is detected at distances up to 10 or more kilometers
from the installation containing the emitting devices. Frequently this
occurs when the interference is propagated along some quite long line.

It is known that in the electromagnetic processes the concentration of
electromagnetic energy takes place primarily not in the conductors, but in

the space surrounding the conductor. As a rule, the conductor forms the
boundary of this space in which electromagnetic processes take place. The
higher the frequency and the higher the conductivity of the metal, the less
electromagnetic energy penetrates into the body of the conductor. There-
fore, the simplest two-conductor line, which is in the form of two linear
parallel conductors close to each other, laid near the radiation source,
independently of its purpose, turns out to be a carrier of this high-frequency
energy.

Thus, even from a brief investigation of the types of radio interference
under the methods of suppressing it, it is possible to conclude that along
with the application of other technical means for this purpose it is possible
- . to consider the complex utilization of electromagnetic shielding and filtra-
tion of the circuits to be basic.

The modern set of radio-electronic means is, as a rule, an organization of
sufficiently high order. The determination of it as a system is entirely
acceptable to 1t. Therefore it is more expedient to consider the electro-
magnetic shielding an attenuation measure primarily for intrasystem inter-
ference. The latter is not indisputable, for it is determined by the content
which is included in the term of industrial-system and extrasystem inter-
ference.

The electromagnetic shielding is not only ome of the methods of insuring
electromagnetic compatibility of the radio-electronic devices, but it also
permits the solution of the problems of biological shielding, an increase
in the resolution of measuring equipment, improvement of the operating

) reliability of the radio-electronic equipment, the application of which is
not connected with operation of the radio 1ines.

The properties of radio interference, the analysis of the possible methods
of suppressing it and practical results achieved in this area permit us to
consider electromagnetic shielding the most important and sometimes the
only method of attenuating such interference. The application of electro-
nmagnetic shielding against industrial radio interference has a number of
peculiarities, among which it is necessary above all to note the combination
of electromagnetic shielding with filtration of the power supply networks,
blocking, cootrol and sigralling, lending a complex nature to the electro-
magnetic shielding measures, The second most important characteristic is
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the increase in volumes of shielded spaces frequently to highly significant
dimensions of the stationary industrial or scientific and technical
installations.

The clectromagnetic shielding 1is closely connected with radio engineering.
This relation arises not only from the area of application and the goals

of the electromagnetic shielding, but also the broad utilization of radio-~
technical methods for investigations of the shielding problems, planning

and design and evaluation of the effectiveness of the shields. After the
development of radio engineering, meeting its demands for the further
assimilation of the radio frequency band, the creation of improved radios
and providing for thelr operating conditions, electromagnetic shielding

must expand its possibilities and overcome the limiting factors such as,

for example, the dimensional characteristics of radio-electronic equipment,
the complexity of its structural design, and so om. Electromagnetic shield-
ing and radio engineering have to a great extent a common theoretical

base on the theory of electromagnetic fields and the theory of electric
circuits, and in engineering applications, on theoretical electrical engineer-
ing. With'all that it has in common with radio engineering electromagnetic
shielding still has a number of significant characteristics bending at per-
ceptible independent value. The specific nature of electromagnetic shield-
ing is primarily the great proportion of design activity calling on the
experience and information from the fields of mechanics, physics, chemistry
and naterial sciences. In the proper combination of design work with
analysis of the causes of occurrence, paths of propagation and spectral
characteristics of radio interference lies a significant part of the progress
in shielding design.

1.2. Purpose and Basic Characteristics of Shielding

Electromagnetic shielding is designed for the localization in space of the
fields created by the emitters of electromagnetic energy in order to
attenuate or exclude the effect of the emitters on the sensitive elements
of radio-electronic equipment and the equipment as a whole. Depending on
the purpose, shields are distinguished with internal excitation of the

- electromagnetic field in which usually the interference source is placed,
and the external electromagnetic field shields, inside which devices which
are sensitive to these fields are placed. In the first case the shield
is designed to localize the field in some space, and the second case, to
protect against the effects of external interference.

The shlelding, as a technical measure, is recognized as providing operating
reliability for the radio~electronic equipment; it suppresses to the
required level the effect of the unintentional radiation of electromagnetic
energy preventing effective functioning of the radio-electronic elements. .
Determination of the purpose of the shield in each individual case 1is made
considering the nature of the interference source and the element seunsitive
to it, their dimensions, spatial arrangement, type of communications
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lines and the admissible effect of the shield on the shielded
elements.

As any area of engineering, electromagnetic shielding has some specific
characteristics arising from its physical essence, the operating principle
and specific conditions of application of the shields, which finds its
expression in quantitative evaluation of the effectiveness of (' = shielding.
In order to estimate the functional qualities of the shields, various
characterigtics can be used. The most generalized is the shielding
efficiency.

By the shielding efficiency we mean the ratio of the effective values of
the intensity of the electric field E1 (the magnetic field H;) at the given
point in the absence of a shield to the intensity of the electric field Ey
(the magnetic field Hp) at the same point in the presence of a shield:

E _ H,
=%, Sw=-p- (1.9)

Here effectiveness is expressed in relative units (times). In practice
usually the effectiveness of the shielding is represented in logarithmic
units -- decibels:

. H,
Fp=20igrg- 9, =Wlg - (1.10)

It is obvious that the effectiveness of the shielding and the characteristics

_ of the shields which are close to it formally and with respect to physical
meaning are functions of space and frequency, and it is possible to consider
the frequency band width in which the effective values of the field intensity
are determined to be their parameters.

In some papers [13, 14}, the effect of the shield is taken into account by
the shielding coefficient

S=E,|E,, (L.11)

which varies from 1 to 0, characterizing in the latter case the maximum
shielding effect. In communications engineering the effectiveness of the
shielding is expressed in nepers (Np):

" B=In |1/S|=lIn(E1/Ey). (1.12)

Here for the conversion from one system of units to another the coefficient
8.7 can be used, then Egp=8.7 BNp'

When it is necessary to estimate the general effectivenéss of the shielding
beginning with the admissible value of the noise emf induced in the circuits
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of the radio-electronic equipment, the equivalent effective height of the
device is used

ho=Us|E\, (1.13)

where UH is the effective value of the interference emf induced in the
elements located inside the shield, meters; E; is the effective value of
the external field intensity, volts/meter, The value of hg characterizes
the effective height of the shield (by analogy with the effective height
of the antenna). )

Considering that the noise emf is proportional to the field intensity inside
the shield, we find :

AomuEy) Ey—a/ 3oz, (1.14)

A second characteristic of the shield quality is its effect on the parameters
of the shielded element determined quantitatively by the reaction coefficient
of the shield. For all types of shielding with the exception of static, as

a result of the reflection of electromagnetic energy from the shield walls,
interaction takes place between the shield and the shielded device. The
shield, protecting the circuits, parts, and the oscillatory circuits from

the effect of the external fields, has significant effect on the parameters
of the shielded elements. As a result of redistribution of the electro-
magnetic field inside the shield, changes take place in their primary param-
eters, as a result of which, for example, the magnetic couplings change,

the primary inductance of the coils decreases, the capacitance of the cir-
cuits increases, the active resistance increases, and then this leads to a
change in the tuning frequency and Q-factor of the oscillatory circuits,
energy losses, and so on. The relative changes in the parameters of the
shielded elements can be taken into account using the coefficient

Pij=1—Agi;|Ausj,

where Agij is the value of the i-th parameter of the j-th shielded element
in the presence of a shield; AOij is the value of tine primary i-th paramecter
of the j~th element in the absence of a shield.

Each of the Pij is a reaction coefficient of the shield to the i-th parameter
of the j-th element,

Being given the admissible limits of variations of the parameters and know-
ing the dimensions of the shielded elements, it 1s possible to determine
the dimensions of the shield, the material from which it must be made and
the conditions of arranging the elements inside it.

1.3. Forms and Essence of Electromagnetic Shielding
In the general case the radio-electronic equipment is shielded by electro-

magnetic shields. However, frequently in the electromagnetic situation
predominance of individual types of fields is observed; therefore in order
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to consider their specific nature, the following types of shielding are
distinguished: electrostatic, magnetostatic and electromagnetic.

By electrostatic and magnetostatic shielding we mean the shielding of the
fields of any frequencies of the induction zone. However, as will be
obvious below, on high frequencies simultaneously with the magnetic field
shielding there is electric field shielding which determines the unique
process of electromagnetic shielding. It appears expedient to consider
the essence of shielding as applied to low and high frequencies separately.

Electrostatic Shielding. If a conductor is introduced into an electro-
static field, then as a result of polarization, the electrons in it begin
to move in the direction of the positively charged plate, and in the part
of the conductor turned toward this plate, a negative potential arises.
The opposite part of the surface of the conductor turns out to be charged
positively. The positive and negative parts of the conductor create their
own secondary field which is equal to the external field and has a direction
opposite to it. Consequently, the external field and the field created by
the conductor compensate for each other at all points inside the body and
on the surface of the conductor. This explains the charged distribution
only on the surface of the conductor. There is no field inside the con-
ductor. This is a simple description of an example of the phenomenon of
the electrostatic induction. The phenomenon of electrostatic induction is
used to realize electrostatic shielding. Indeed, inasmuch as everywhere
inside a metal body the field is equal to zero, it is sufficient to place
a device subject to the electrostatic field effects in the inside cavity
of a metal body and thus exclude the effect of the shield on the device.

Let us now assume that a charge of +q is placed in the center of a spherical
metal shell. The charges -q arise on the inside surface of the shell, and
+q on the outside surface, and the shield thus turns out to be ineffective.
However, if we now comnect the metal shield to ground (to the housing), the
charges on the outside surface of the shell are drained off by the housing,
for it has a very high capacitance, and the field turns out to be zero out-
side the shell. Thus, electrostatic shielding in essence leads to closure
of the electrostatic field to the surface of a metal shield and removal of
the electric charge to ground (to the housing of the instrument or device).

The grounding of an electrostatic shield, as is obvious, is a necessary
element following from the essence of electrostatic shielding. Without
grounding, the electrostatic charge almost completely loses its effective-
ness. Attentlon is attracted to the fact that in the presence of charges
both on the inside and outside surfaces of the shield, the field inside
the shield is determined only by the internal charges and does not depend
on the external charges at all. However, the inverse statement would be
incorrect, for the charges located inside the shield create a field also
- outside the shield. Physically, this phenomenon arises from the appearance
of induced charges on the outside surface, the effect of which can be
neutralized by draining them to ground. Comsequently, by grounding an
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electrostatic shield it is possible to achieve mutual shielding of both
the inside space of the shield from an external field and the outside
space from an internal field.

If the metal shielding fully compensates for the effect of the electro-
static field, then by using dielectric shield it is possible to attenuate
a field of e, times, where er is the relative dielectric comstant of the
material, for the field of the polarization-bound charges is subtracted
from the free-charge field,

Let us place a dielectric in the field of two parallel metal plates, - Under
the effect of the electrostatic field forces the dielectric is polarized:
the neutral molecules of the dielectric in electrical respects are con-
verted to electric dipoles, and the dipoles already existing in the dielectric
are rotated around the axes in the direction of effect of the field forces,
forming electric charges on the lateral surfaces. On one side of the
dielectric, a negative surface charge 1s formed, and on the other side, a
positive charge. These bound electric charges of the dielectric create
their own field in it directed opposite to the external field, which leads
to a decrease in the resultant electrostatfc field in the dielectric. The
greater the dielectric constant of the dielectric, the greater the magnitude
of its bound electric charges and the weaker the results of electrostatic
field in it. Consequently, a device subject to the effect of an electro-
static field is expediently placed in the dielectric itself, for example,

in alcohol (e =26), in transformer oil (er=2.2) or in distilled water
(ey=81), and when using solid dielectrics the latter must be placed

tightly against the shielded device.

The electrostatic shields are made of materials with high conductivity
although in many cases materials are used which have sufficient strength
and high anticorrosion properties but less conductivity. Most frequently
the shields are closed volumes, metal baffles connected to the housing
(frame) of the instrument. The application of screen, perforated or other
nonuniform materials does not provide complete electrostatic shielding, for
in this case part of the lines of force of the field penetrate into the
shielded space. ’

- Figure 1.6, Electrostatic shielding principle
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If the source of the emf is variable (see Fig 1.6), then the charges in the
body A will vary, and, consequently, the charges distributed on the inside
surface of the shield will vary, which at each point in time will strive

to have a polarity such as to compensate for the field of the body A, As

a result of these variations, a variable current flows over the shield.

The field compensation in the given case cannot be complete, for as a result
of the appearance of a current in the walls of the shield, a voltage is
incident on them, Therefore, the effectiveness of the shielding of the
electrostatic field turns out to be dependent both on the thickness of the
walls and on the conductivity of the shield material. With an increase in
thickness and conductivity of the shield material, the residual field beyond
the limits of the shield decreases, for the voltage drop on its walls
decreases and the shielding efficiency increases simultaneously.

As applied to the quasistatic shield in practice at certain distances-
between it and the source it is possible to neglect the delay in the field
variations and use laws for constant fields. In particular, at distances

of less than 10 cm the results of analyzing the constant fields are suitable
also for frequencies of no more -than 300 megahertz. The shielding of the
electric field under these conditions is in essence a problem of eliminating
the spurious capacity coupling.

In Fig 1.7, a, the effect of the element 1 on the element 2 as a result

of the presence of mutual coupling capacitance Cjy is illustrated. If the
source E creates a voltage Uy on the element 1, then the emf induced on the
element 2 will be approximately U2=U1012/C » where Cy is the capacitance

of the element 2 with respect to ground, where C12<<Cy.

[
A,
s N
e \ -
o/ Uy
- U’ j
_ 211 =
<!
£ a, a
, -+
a) D)

Figure 1.7. Schematic of the attenuation of a capacitive coupling

For cylindrical shape of the elements, the emf induced on element 2 is,
according to [15], determined from the formula

U ot 1

U, o in (4k/D)

(1.15)
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With the corresponding selection of the values entering into this relation
(see Fig 1.7, a) it still remains significant, For greater attenuation

of the coupling, a flat electrostatic shield 1s placed between the elements
(Fig 1,7, b). This shield does not completely exclude the mutual coupling
between the elements inasmuch as they remain weakly coupled as a result

of the lines of force enveloping the shielded surface.

The shielding effectiveness of this type of shield can be approximatély
estimated by the formula

90=U2/U’2=C,2/C’n:\eSr’a{aa.az, (116)

where r, is the radius of the shield.

The shielding effectiveness in the given case is determined primarily by
the possibilities of the penetration of the noise field behind the shield
as a result of diffraction and scattering. These phenomena will be the
most perceptible when azial. Therefore for commensurate a, and ap, the
shielding effectiveness turns out to be low, and for aj=a,;, minimal.
For an increase in the shielding effectiveness it is necessary to satisfy
one of the conditions ap>a, or aj>a,, the choice of which is determined
by the purpose of the shie}d and the characteristics of the structural

. design of the shielded object or the source of interference.

As is obvious, the attenuation of the coupling between the elements depends
on the natural damping as a result of separation of the elements (1.15)

and damping introduced by the shield. Therefore it is expedient to
characterize the total damping by the coupling coefficient

Up __ hba,a,
7.5, =04, i) (L.17)

Key:
1. coupling

The smaller kcoupling
the greater their decoupling,

» the smaller the mutual effect of the elements and

Magnetostatic Shielding. The shielding effect of the magnetostatic shields

- is based on the closure of the magnetic field in the body of the shield as
a result of its greater permeance by comparison with the surrounding space,
This type of shield is identically suitable for shielding against the
effects of an external magnetic field and for shielding the outside space
against the effect of the magnetic field created by a force inside the
shield. 1f, for example, we introduce a soft iron ring into a uniform.
magnetic field, it pulls the lines of force into itself, and the magnetic
field inside the ring diminishes sharply (see Fig 1.8, b),
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The change in direction of the magnetic flux at the interface of two
media with different permeabilities Hyp @and upo is defined by the expression

tg ai/tg aa=pr/pr, (1.18)

where the angles 0; and o, are illustrated in Fig 1.8, a.

2
If the permeability of one medium is infinitely large, that is, Hpalupg >,
then the angle aq approaches 90°, Thus, the flux leaves the

surface with infinitely large permeability at a right angle. Although
there are no media with infinite permeability, in practice it ‘is considered
that the magnetic lines of force are normal to the surface of ferromagnetic
bodies.

Let us consider the magnetostatic shield (see Fig 1,9) in the form of a
cube, the outside of which is equal to a, If the shield thickness is d,
then the inside will be a-2d., In order that the boundary magnetic line
of force not reach the inside part of the shield, it is necessary to
satisfy the condition tg a9=d/(a~d). Then from (1.18), we find

- —_{bri/pr) tg 2y 18
| I= e & 0<a<#2.  (L18)

From (1.18') it follows that the case is of greatest practical interest
where (ur1/u.))tg a;<<l, and, consequently,

d=(p,-,a/p,,2) tg a; andd«a.

For (upq/n 2)tg 0971, d=a/2 is obtained which limits the dimensions of the
inside cavity of the shield.

G\ My

a)

Figure 1.8. Magnetostatic shielding principle
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Thus, in order to insure significant attenuation of the magnetic field
the shield must be made of material with high relative permeability with
great wall thickness, Here the greater the permeability of the shield
material, the less the permissible thickness of its walls.

The shielding effectiveness of the cylindrical shield can be determined
using Fig 1.8. In the regions I and III the relative permeability of the
air-url=ur3=l, and up9>>1. Then the shield effectiveness can be determined
from the radio of the field intensities outside (region III) and 1inside
(region I) the shield. In [%6, 17] it is demonstrated that this ratio is
1) 12 __ 2 ’

Fo=pn gt (1.19)
Key: 1. cylindrical
Expression (1.19 can be simplified somewhat. Since t22—r21=r2d(2—d/r2),
then

7}’"
Sou=0,25r2(d [12) [2— (d[r2)]. (1.20)
Key: 1. cylindrical

When d/rp<<2, it is possible to assume with sufficient accuracy that

1N

3&;.::0.5;1,2 (d]ra). . (1.21)
Key: 1. cylindrical
The shielding effectivness of a spherical magnetostatic shield with the
Same ratio rz/rl is somewhat higher than cylindrical, and it is determined
approximately from the expression

380700y, (1.22)

{ Ao(, Ly

Hrg

Key: 1. spherical

d a-2d d

Figure 1.9. Magnetostatic shield
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The effectiveness of the rectangular shield can k- calculated by formula
(1.20) if it has the shape of a rectangular parallelepiped with a square
base, the side of which is taken in (1.19) equal to the cylinder diameter.
On the whole the effectiveness of the magnetostatic shields is low. For
example, a shield made of spectal Armco alloy in which u,=3000, at a
radius of 40 cm and a thickness of 1 cm, insures effectiveness of 37.5,
which is only a total of 31.5 decibels. A shield of this thickness turns
out to be very heavy and complicated to make.

In order to increase the shielding effectiveness in a number of cases
multistage magnetostatic shields are used which are made up of several
layers but thinner material. The required shielding effectiveness can be
obtained for the two-layer or three~layer shield. The simplest of the
nultilayer shields -- the two-layer shield -~ must be constructed so as
to insure closure in the outer shell of the lines of force of the field
which go beyond the walls of the first inside layer. For this purpose,
both the wall thickness of the shells and the spacing between them must
be properly selected. In practice the spacing between the shells is

made greater than the thickness of the shell. 1In the first approximation
the spacing between the shells is assumed equal to the spacing between
the first shell and the nearest edge of the shielded object, and the thick-
ness of each shell is taken no more than 1...1.5 mm.

Under these conditions, considering that the damping of the interaction

between the shells in the presence of an air space is equal to zero, with

sufficient accuracy for practice it:-is possible to set the shielding effective-
ness of a multilayer shell equal to

A= (0,51&,, {_) (1.23)

where n 1s the number of shells.

For the above-investigated example with Armco alloy, setting d=0.15 cm
and n=2, we find that the shielding effectiveness will be 30 decibels.

When shielding constant magnetic fields, it is necessary to follow the
following general recommendations:

Use materials with the highest possible initial permeability;

Avoid joints and seams with high reluctance on the path of the magnetic
lines of force of the interference field in the structural design of the
shield;

Do not allow fastening of the shielded element for the shells of the
shield with steel parts which form paths with low reluctances for the
magnetic lines of force of the interference;
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Increase the shield effectiveness without increasing the thickness of the

material but by using several thin shields located at the greatest possible
distance from each other.

Let us propose that an alternating current flows along the shielded turn
instead of a direct current. The variable magnetic field of this turn,
penetrating the shield, induces a variable emf in it, as a result of which
alternating current flows through the shield, The shield behaves as a
short-circuited turn placed in a variable magnetic field. The magnetic
- field of the eddy currents flowing through the shield is superposed in the
outside space on the field of the shielded turn close to 180° out of phase,
and attenuates it. The lower the resistance of the shield walls and the
greater their thickness, the less the difference between the field intensity
of the eddy currents flowing through the shield and the field intensity of
the shielded current created outside the shield. Here the closer the
phase difference between the fieldsto 180°, the greater their mutual compensa-
tion, the less the residual field outside the shield which means, the
greater the shielding effectiveness.

With an increase in frequency, the phenomenon of nonuniform distribution

of the eddy currents increases in the cross section of the shield material,
that is, a surface effect is observed which is accompanied by concentration
of these currents on the surface of the shield. A characteristic feature

of the surface effect is the depth of penetration, by which we mean the
distance along the direction of propagation of the wave at which the ampli~
tude of the incident wave E (or H) decreases by e=2.7 times. The higher the
frequency, the less the depth of penetration and the higher the shielding
effectiveness. Thus, the depth of penetration also characterizes the shield-
ing properties of the shield material. .

Consequently, the shielding of the magnetic fields, just as electric fields,
is made up of two processes: compensation of the field of the shielded
turn by the eddy current field, just as in the short-circuited turn, and
attenuation of the field on penetration of it through the shield walls.
Until the thickness of the shield is less than the depth of penetration
(for low frequencies), the field's compensation of the shielded turn by
the shield field (as a short-circuited turn) is decisive. With an increase
in frequency, when the thickness of the shield walls becomes greater than
the depth of penetration, the attenuation of this field on penetration of
it into the body of these walls can be decisive. .

What has been discussed above leads to the conclusion that with an increase
in the dimensions of the magnetostatic shield and an increase in frequency,
the damping introduced by it decreases, for the effect of these factors is
equivalent to a decrease in the permeability. Indeed, with an increase

in frequency, the role of the eddy currents.in the shield increases, the
depth of penetration decreases, and, consequently, its permeance decreases,
which 1s a function of the dimensions and the permeability of the shield
material. Under these conditions the magnetostatic shield will behave as
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a magnetic shield, for as a result of a sharp decrease in the equivalent
wall thickness of the shield, the phenomenon of shunting of the magnetic
flux of the interference field disappears.

Figure 1.10, Attenuation of the inductive coupling by an
unclosed flat shield
Key:
1. mean

In magnetic shielding practice flat unclosed shields are used. In the

case of the effect of one magnetic circuit on another with close mutual

arrangement of it, significant attenuation of the mutual inductive coupling

can be obtained by placing a flat metal shield between them (see Fig 1.10).
- The effectivenessof the shield 3¢=M|Mj2, where M is the mutual induction

coefficient between the coils in the absence of a shield; Mj2 is the
mutual induction coefficient between the coils in the presence of a shield.

In [18] it is recommended that the attenuation of the coupling between the
coils be characterized by the coefficient:

For a copper shield
I((§3=10]g[(6,35D(§p)df)’+l] ag,) (1.24)

Key: 1. decibels; 2L coupling attenuation; 3. mean

For an aluminum shield

Koo=101g[ (4Dopdf)>+1]} B, (1.25)

where Dp.,. is the mean coil diameter, cm; d is the shield thickness, cm;
f is the frequency, kilohertz,

Formulas (1,24, 1.25) provide satisfactory accuracy under the condition that

the width of the shield (perpendicular to the plane of the figure) exceeds
Dpean or ajtay, depending on which of these values is greater.
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1.4. Electromagnetic Shielding

Shielding using eddy currents insures simultaneous attenuation of both
magnetic and electric fields. This provides the basis for calling this
shielding procedure electromagnetic. The shielding effectiveness of such
a shield in the near zone (the induction zone) will be different for the
field components. Therefore, as a rule, for the near zone it is necessary
to calculate the shielding effectiveness of each of the field components
individually, assuming in this case that in the far zone (radiation zone)
the shielding effectiveness of the components will be identical.

The physical essence of electromagnetic shielding, considered from the point
of view of the theory of an electromagnetic field and the theory of electric
circuits, reduces to the fact that under the effect of a source of electro-
magnetic energy on the side of the shield turned toward the source, charges
occur, and in its walls, currents, the fields of which in the outside space
are close with respect to intensity to the field of the source, and with
respect to direction they are opposite to it, and therefore mutual compensa-
tion of the fields takes place. This investigation is simplified inasmuch
as the nature of the electromagnetic shielding is more complex.

From the point of view of the wave representations, the shielding effect
is manifested as a result of multiple reflection of the electromagnetic
waves from the surface of the shield and attenuation of the wave energy in
its metal body. The reflection of the electromagnetic energy is caused

by noncorrespondence of the wave characteristics of the dielectric, within
the 1imits of which the shield is located, and the shield material. The
greater this noncorrespondence, the more the wave impedances of the shield
in the dielectric differ, the more intense the partial shielding effect
determined by the reflection of the electromagnetic waves.

The effectiveness of the closed electrically sealed! shield is defined by
the formula

Sh=3 .9
i) (1.26)
Key: 1. refl; 2. absorbed; 3. internal reflection

where Jormp is the attenuation of the energy of the incident wave as
a result of reflection at the interface; 3.,z is the attenuation as a

lBy the electric (magnetic) seal of a shield we mean its capacity to limit
the penetration of the lines of force of the electric (magnetic) field out-
side or inside the shielded space. Correspondingly, the absence of any
penetration means complete seal.
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result of damping of the wave energy in the bhody of the shield; Janorp
I is the attenuation as a result of internal reflection in the shield itself.

Usually for 9uu=>10 decibels, we set Sanorp==1 - Therefore, we shall
consider only two components of the shielding effectiveness

30-_—‘30793110!‘1! (1.27)

or in decibels
3=201g3¢rp+201g3r0rs.

Let us begin with the investigation of an infinite flat shield on which a
pPlane wave is incident, Under these conditions the magnitudes of the losses
to reflection and absorption are..determined identically, for in the body of
the shield material both the incident and reflected layers are considered
as plane waves. Let us find the value of the component of the shielding
effectiveness determining the effect of the absorption of the electro-
magnetic energy. 1In the metal the electromagnetic wave damps in accordance
with an exponential law. The measure of the rate of this process is the
depth of penetration of the wave or the thickness of the surface layer §.

On passage of the wave through the thickness of the surface layer § it
attenyates by e times. TIf the thickness is equal to d, it will attenuate
by ed/s times. Then

(1)

Jnorn [4B]=8,7 (d/8). (1.28)

Key: 1. decibels

The depth of penetration is a constant which characterizes the shield
material and depends on the frequency,

=008} Zcospy/ T, (1a9)

where p is the specific resistance of the shield material, ohm-m; A is the
wave length in the air, m; f is the frequency, megahertz; u, is the relative
permeability of the sheild material,

The determination of the depth of penetration for ferromagnetic materials
is complicated, for in them ur depends on the frequency, For varieties of
steel used for shields, with an initial relative magnetic permeability
Hr~180 on a frequency of £=0,1 megahertz in the frequency band to 1000
megahertz, according to our data, the magnetic permeability, depending on
the frequency, can be estimated by the formula Upi150-30f, where f ig the
frequency, megahertz.
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The shielding effectiveness as a result of absorption alone, in accordance
with (1.28) and (1.29) will be

Den 1B1=2000 Y 2= 1670 )/ 2L, (1.30)

where d is the thickness of the shield material, meters.

As is obvious from (1.30), the wave damping as a result of absorption
increases with an increase in frequency. It depends only on the parameters
of the medium in which the wave'is absorbed, and it does not depend on the
field components.

Considering the operation of the shield as the process of interaction of the
phenomena of reflection and absorption of an electromagnetic wave and
considering that in the general case the attenuation coefficient

K=exp( —L24), (1.31)

we find the shielding effectiveness of the flat shield of infinitely large
dimensions when a plane wave is incident on it:

N 3 =| (Z, . 2
Key: 1. plane oﬂ) | (Zat-Zx) |2/4Kzn2n, (1.32)

_ where Zy, ZD are the wave impedances of the metal and the medium; zy, 2zp
are the moduli of the resistances Zy, Zps respectively.

Formula (1.32) is a general expression of the effectiveness of a flat
shield when a plane wave is incident on it considering the shield damping
in the body of the shield and the reflection from its surfaces. The con-
sideration of multiple reflections in the body of the shield leads to a
decrease in the effectiveness by

A=l I (1_K2R22) times, (].33)

where R2 is the internal reflection coefficient.

It is possible not to consider the decrease in effectiveness when the
thickness of the shield is greater than the depth of penetration into it
of a field on a given frequency, but it cannot be neglected when the
shield thickness is less than the depth of penetration. Therefore in

- electromagnetic shielding practice electrically thin and thick materials
are distinguished. For electrically thin material 6>d, and the calculation
of the effectiveness is made considering the internal reflections.
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The effectiveness of the flat shield of infinitely large dimensions placed
in the air and irradiated by a plane wave at d/6<0,8 considering internal
reflections will be

3 ona=60nd /p, (1.34)

and the effectiveness of the same shield for d/6>0.8, that is, a shield of
electrically thick material, is defined by the expression

Boan=65(8/p)e™. . (1.35)

It is necessary to give attention to the fact that in (1.34) there is no
factor which takes into account the exponential damping in the metal inasmuch
as the material is electrically thin. The effectiveness also does not ,
depend on the frequency, but is determined by the conductivity and thickness
of the shield material. Considering that the surface resistance per unit
area Ro=p/d ohm, we represent (1.34) in the form

3'tna=60m1/R . (1.36)

It is convenient to use formula (1.36) when the surface resistance is known
and the material thickness is unknown, which takes place on metal coating

of the surface or the application of a current-conducting paint. The
resistance Rc1 is determined on direct current by the volt meter and ammeter
method.

Let us represent (1.35) in the logarithmic expression:
Sun=36-201g (8/p)18,7(d/9). (1.35)

In this formula 8.7 (d/§) takes into account the losses to absorption, and
the remaining terms (36 and 201g(8/p)) ,the losses to reflection.

Using (1.29), let us represent the shielding effectiveness of the plane
wave as a result of reflection in the form

Dorp=5,5+10lg (Aa/pr). (1.37)

The presented formulas do not permit determinationiof the effectiveness of
the closed shield, for the field inside it is distinguished by nonuniformity
of distribution, complexity of structure and has a number of peculiarities

- by comparison with the electromagnetic field formed by a plane wave in free
(open) space.

= In [19] it is demonstrated that the shielding effectiveness of the shield

components under idealized conditions by a shield of spherical shape can
be calculated by the formulas
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90g =021 3= Iun =422, (1.38)

where Rs is the equivalent radius of the shield, meters.

The coefficients for Jmx become equal to one for A==1,81Rs, when the
shielding conditions of the plane wave occur. In this load the shielding
effectiveness of the field components is identical.

Electromagnetic shields can be calculated still with sufficient accuracy
only in certain idealized cases. These include the following:

An infinitely flat shield on the propagation path of a plane wave;

Placement of a point source in the center of a sealed, ideally conducting
shield of spherical shape;

_ An infinitely long ideally conducting cylinder with emitter in the form of
infinite filament located on the axis of this cylinder.

All of these cases fail to reflect the actual operating conditionsof the
shield, inasmuch as they do not take into account the relations between the
wave length and the linear dimensions of the shield, the nature of the
source, the nonuniformity or distribution of the field inside the shield,
the nonuniformity of the material and the structural design of the shield
itself and, primarily, the possibility of the penetration of the field
through the slits and openings occurring in the real shield. 1In addition to
the indicated factors, the effectiveness of a real flat shield depends on
the type of material and structural design, its thickness, the nature and
number of holes and slits in the shield. Obtaining the analytical expression
for calculating the thickness of a shield considering the indicated factors
and parameters encounters unresolved mathematical difficulties. The intro-
duction of the existing restrictions will lead to excess idealization of

the problem itself and solution.

As is known. one of the most expedient problem-solving means in engineer-
ing practice, which contains a large number of uncontrolled factors and
pa.ameters, different explicit and implicit functionmal relations, 1is the

use of statistical methods. It is necessary to resort to these methods also
when estimating the effectiveness of real shields. In particular, the
results obtained by the author when processing the materials from testing a
large number of different electromagnetic shields, the quality of which
turned out to be no less than the admissible level, demonstrated that their .
efiectiveness is only 0,1...0.2 of the potentially powerful effectiveness
expressed in decibels.

A procedure is presented below (§2,9) for approximate calculation of the
effectiveness of real shields.
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1.5. Shielding as a Volumetric Resonator

Just as in any closed space, the process of the movement of electromagnetic
energy in the shield is accompanied by a number of phenomena which include
. the following:

The accumulation and absorption of energy; the reflection of electromagnetic
waves and redistribution of the electromagnetic fields;

Resonance phenomena; the reaction of the shield to the shielded devices;

The radiation of electromagnetic energy through the openings and slits in

the shield; the penetration of external electromagnetic fields into the
shield.

These phenomena can occur on location of the emitter (source) of the
electromagnetic oscillations both inside and outside the body of the shield.
For analysis the -case is more convenient where the source is located inside
the shield. Therefore the external field source is expediently represented
by the internal emitter equivalent to it.

Each of the indicated phenomena can to a defined degree lead to violation
of the operating conditions of the shield, that is, to an inadmissible
reduction in its effectiveness. Depending on the purpose and structural
design of the shield, the effect of the indicated factors will be different:
some will have a predominant effect, and others, a secondary effect; it is
in practice possible to neglect the consequences of the third group.

A shield as a volumetric resonator has distributed parameters, the values
of which are determined by its shape and size, the thickness and properties
of the material and the structural peculiarities. For simplification let
us assume that the shield is a parallelepiped (see Fig 1.11), the length

of which is 2, the width is b and the height 1is h.

A generalized parameter characterizing the shield dimensions is the equiva-
lent radius )

R,=V 2 oih= 062y Vo -
(1.39)

Key: 1, Shield
where Vgphio1q is the inside volume of the shield, m3,

- If the sides of the parallelepiped are in the "golden cross section” ratios
: of 8:5;3 for which the most uniform field distribution E(H) is observed
inside the shield, then
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b3=hl; h+4-b=l, s
. - —— 3 2
h=062y Vs b=y Vo [=1627 Vawry,

' T 3/2. =653V
_— S=b=162"% 28_6.5;/1’(,5,

(1.40)

Key: 1. shield

where IS is the total surface of the shield,

Figure 1.11. Basic type field distribution in a resonator

When the "golden cross section" rule is satisfied, then, as follows from
(1.40), Ry=h.

As is known, the capacity of a resomator to accumulate electromagnetic
field energy is estimated by its own Q-factor:

Q=o, 2= Gk (1.41)

Ps Re

where wp is the resonance frequency; W is the energy stored in the resonator;
P, is the power of the losses dispersed in the resonator; [, 1is the
equivalent inductance of the resomator; Ry, is the total resistance of

the resonator losses.

For the given intensity of the electric and magnetic fields, the amount
of energy stored in the resonator is proportional to its volume Vshields
and the power of the losses is proportional to the volume of the surface
layer 8IS in which the losses occur, Therefore

Q=Vup[62S. (1.42)

b

Consequently, th‘é 0-factor of the closed shield as a resonator is proporticnal
to its volume and inversely proportional to the depth of penetration
of the field and to its metal ‘surface.  In the ideal case the Q-~factor
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is large. It is larger for nonmagnetic materials in which & is larger,
but the loss is smaller,

The electromagnetic energy stored by the resonator [20]
W=—BLEZVM» (1.43)

vhere ¢ is the dielectric constant of the medium inside the resonator;
E is the field intensity inside the resonator.

Depending on the radiation power, the energy stored by the resonator can
be significant; then E reaches larger values. On the other hand, by
analogy with an acoustic field in a closed space where the wave length is

less and is commensurate with the linear dimensions of the resomator, the
_ standing wave energy can be determined from the expression [21]

_ P 4R,

where VShield is the resonator volume; P is the power of the emitter;

Ry is the reflection coefficient of the surface of the resonator; c
is the propagation rate of the electromagnetic wave.

From (1.43) and (1.44) we find the field intensity in the resonator

E ~ / 32!“R.

TceZS (1—Ry)

For air when =8.85-10-12 farads/m, we obtain
B | _ PR,
E[E}L‘ “0‘/ T—Ry (1.45)

Key: 1. E[volts/m]

If the shield dimensions greatly exceed the wave length, this leads to
nonuniform distribution of the field inside it. At individual points of
the inside space, especially at the nodes, significant field concentration
can be observed, at the same time as in other parts of the shield the
field will be attenuated. The slits and openings in the shield lead to

an additional decrease in stored energy. Therefore in the general case
formula (1.45) is appromimate, In addition, the field intensity determined
by expression (1.45) characterizes only one part of the total field in

the closed shield -~ the diffuse field by which we mean the field occurring
under stationary conditions after multiple reflections inside the
resonator. The seeond term i§ the direct wave field. Thus, the total
electromagnetic energy
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Wos= .
A WO(T;"T;- W."’?m
- Key: 1. total; 2, reflected; 3, direct

- At frequencies above 100 megahertz usually the power flux density is cone
sidered, 1In a diffuse field the power flux density is

_ P 4R,

I £ AR

7 W TRy
-/
Key; 1. reflected

and the power flux density of the incident wave Hdirect=PG/4nr2. The total
power flux density in the resonator

PG P 4R,
Y=ty d =ty 1, (148)

G @ 3
Key: 1. total; 2. reflected; 3. direct

where P is the mean radiation power; Rg is the reflection coefficient;
G is the amplification coefficient of the antenna (emitter) in the given
direction; r is the distance to the source (emitter);

- As is obvious from (1.46), the power flux density in the incident wave is
a function of the distance to the source and its intensity as an emitter,
and the equivalent reflection power flux density is distributed almost
uniformly over the entire volume. In the absence of the absorbing material

receives an increment. which is defined by the quality of the absorbing mater-
ial and is analytically caused by the factor 4R0/(1—R0). This factor is
very large for Ry close to one; for Rp=0.2 it becomes equal to one, and

then the equivalent flux density of the reflected power is a function only

of the total surface of the shield. For R(s10-3 the factor ARO/(14R0)SO.004
and, consequently, the total field isg determined only by the incident

wave. :

The accumulation of the electromagnetic wave energy in the shield just as
in the volumetric resonator is one of the most significant factors which
must be considered both when designing the shielding system and during the
course of its operation. The effect of this factor on the functioning of

. the shield and the objects located inside is determined By the reduction
in shielding effectiveness, the danger of breakdown of the dielectric inside
the shields, the effect of the field on the shielded devices, the effect
of the electromagnetic field on the operator in the shielded space.
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In order to insure normal functioning of the shield at fixed power of the
emitter it is necessary to select IS, Rp and r correctly. The possibility
of varying the value of r is determined from the relation between the
power flux density of the incident wave and the diffuse field:

A O,{) GES (1 —Ry)
= == lﬁ’l” .

T (33 '
Key: 1. direct; 2. reflected

Equating this ratio to one, we find the distance to the emitter for which
the pover flux density of the direct wave 1s equal to the power flux
- density of the diffuse fileld:

£>i20,14 ) GES(I—R)[R,. (1.47)

Key: 1. limit

If r<rijpit> the power flux denmsity is basically determined by the incident
wave, and for T>C{imit»> by the diffuse field. 1In a steel shield for a
point source when Rp=0.99, IS=100 m2, we have rjipit=0.14 meters.
Incidentally, in this case only in the direct proximity to the source
(r<0.14 m) is the power flux density determined by the direct wave. In
a real shield, as a result of the presence of slits and openings the power
flux density of the diffuse field decreases, as a result of which T1imit
increases, and in practice the power flux density of the direct wave

- is measured at distances not exceeding 0.3 meters.

When designing shields for powerful sources, in addition to considering
the field distribution it is necessary to take measures to decrease the
losses in the shield. The losses in the shield are-created as a result of
eddy currents flowing through the shield and causing heating of it. The

_ intensity power losses in the shield can lead to significant overheating
of it, to melting, in particular, when shielding powerful electromagnetic
shields. It is assumed that the shield must have dimensions and a
structural design and be made of a material such that the losses will not
exceed 17 of the emission power.

The losses in the resonator can be determined from (1,41) and (1.42)

SV o (1.48)

Key: 1. losses; 2. shield

In real shields the losses to the eddy currents for a point source can be
determined by the empirical formula

(2) ,—
P= 3—”&‘/ 28 (1.49)
1) I/stp(.:)
Key: 1. losses; 2. emission; 3. shield
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where P are the losses in the shield, watts; P

losses ° emission 1§ the
emission power, watts; Vghie1q 1S the volume of the shield, m3; uf is the
relative magnetic permeability of the shield material; f is the frequency,
megahertz; ¢ is the conductivity of the shield material (ohms-meter)-1.

For a cylindrical shield shielded with the coil of a powerful oscillatory
circuit, the power of the losses is determined by the expression [22]

L aY ) ‘
P Po= byriggod ) (1.50)
1 &%)
Key: 1. losses; 2. shield; 3. coil

where n Is the number of turns inthe coil; I is the effective value of the
current in the coill; rghielq is the radius of the shield; rx is the coil
radiu: ; % 1is the length of the coil,

When shielding oscillatory circuits, the losses in the shield can be
represented as an equivalent additional resistance in the oscillatory cir-
cuit influencing its primary and secondary parameters. As a result, the
mutual effect of the shielded object on the shield and vice versa takes
place. This mutual effect can be greater the closer the shield is located
to the shielded object. It is exhibited in an increase in the active
resistance and the capacitance of the circuit, in a decrease in its
inductance and Q-factor.

The initial parameters of the coil (without shield) shielded by a cylindrical
shield vary by the amounts AL=-B; Lo and AR=BpRy as a result of the reaction
of the cylindrical shield for comparatively small increments, where the
coefficients BL,» BRzo, in essence being the moduli of the derivatives of the
corresponding functions, depend on the shield material, the frequency, the
ratios of the coil diameters to the shield diameter and length of the coil

to the shield length.

Any type of electric wave set up in the oscillation process in the resonator
must be such thati the electric field intensity on the walls will be equal to
or close to zero, and accordingly the wave must be set up across the
resonator (see Fig 1,11). The same electric field intensity distribution
can occur when the wave moves along the z-axis. The resonator can turn out
to be tuned to resonance if an even number of halfwaves are set up along the
edge b. In the rectangular resonator there can be oscillations of different
types distinguished from each other by the field distribution and frequency.
Each type of oscillation corresponds to its own resonance frequency and,
consequently, the shield as a .volumetric resonator is characterized by a

set of resonance frequencies. As is known, the resonance wave length of the
resonator for oscillations of the type of TEm,n,p and TMm,n,p is;

AL

1,p1ca) 4] = 2/V/ (m]1f - (nT8) - (p TRy = 300/fpess  (1.51)
-

Key: 1. resonator *
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where £, b, h are the dimensions of the sides of the resonator; m, n, p
are the indexes denoting the number of standing halfwaves set up along the
edges of the resonator; fresonator 1s the resonance frequency, megahertz.

Let us define the resonance frequencies in wave lengths for different types
of oscillations. We shall solve the problem in the following order:

a) Let us determine the coefficients M=mm/2, N=wn/b, P=wp/h;
b) Let us find the phase coefficient u=¢NZ+N2+P2;

c) Let us determine the resonance frequency

==-%§==1§;PCM'4'N34'F“

Key: 1. resonator

and the resonance wave length

2 2r

ZM=T=V MW+ NP

- The results of the calculations in general form are presented in the table
(see Table 1.1). As is obvious from the table data, the lowest type of
transverse magnetic oscillations corresponding to the first values of m, n
and the least value of the natural frequency fresonance is the TEjjg type.
When calculating the resonance frequency it is proposed that the sides 2
and b are the larger resonator sides. As a rule, first of all it is
necessary to determine the lowest resonance frequency for the given shield
dimensions, for the occurrence of resonance in the shield is accompanied
by a sharp increase in the field amplitude and when using an electrically
thin material for the shield, intensive decay of its effectiveness is
observed.

The least resonance frequency of the shield is conveniently calculated not

as a function of the dimensions of the sides of the shield, but as a

function of its largest total parameter Rohield by the approximate formula
£ esonance~138/Rghie1qs Megahertz, (1.51")

where Rgpi.14 is the equivalent radius of the shield, meters.

The Q-factor of the resonator for oscillations of the TE]1g type can be
determined from (1.42):
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A 0,5 152
Qre,, =355 S STIFBETA (1.52)

Key: 1. shield

For example, for a shield made of steel, the sides of which are £=3 m,
b=2 m and h=1 m when operating it on a frequency of f=30 megahertz and
6=3-106 meters, we have

0.5 051000
Qy,, ~ =—1" )—3-10'.

W(r+e+r) s(ztr+

The actual Q-factor as a result of the presence of openings and slits will
be one to two orders less than calculated.

The width of the resonance curve is

1) '
_ fe 106 106 - 2
2Af"T=E€=m=}3'10 * Mru, @)

Key: 1. resonance; 2. megahertz

The resonance frequencies of real shields do not always correspond to the
calculated omes, for as a result of the presence in the shield of certain
objects, its resonance frequency shifts. Usually for the shields of
radio-electronic equipment and radio-electronic devices widespread in
practice, the resonance frequencies are about 30...1000 megahertz. With
an increase in the shield dimensions the resonance shifts in the direction
of the lower frequency, as is obvious from (1.51").

At resonance the field intensity inside the closed shield increases by

Q times, and, consequently, the shielding effectiveness decreases by

Q times with respect to the resultant effectiveness taking into account the
absorption in reflection of the electromagnetic waves. For electrically
thin materials, the effect of the shielding of which is manifested only as
a result of reflection, the shielding effectiveness at resonance will
become highly insignificant. In shielding practice this phenomenon quite
frequently is observed and illustrated by the graphs (see Fig 1.12).

Here the effectiveness of the shields from the lowest resonance frequency
is demonstrated as a function of the thickness of the shield material d
and the equivalent radius of the shield R, . As is obvious from the
indicated graphs, for example, the application of aluminum 0.02 mm thick
for Res=23 meters on a resonance frequency of 60 megahertz gives shield-
ing effectiveness of no more than 20 decibels in spite of the fact that
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Table 1.1

Frequenciles of the natural oscillations for different types of waves

Types of waves TEne TEi TMes | TMy, TE,,
" Characteristic| m 1 1 0 1
numbers n 1 0 1 1
? 0 1 1 1
) M n/l =/l 0 =/!
Coeffici
oefficients N /b 0 /b b
P [1] n/h n/k n/h
—
) Py . = |
T — — S—
| =l . _+
. . _ tal <=
Phase coefficient LT + LT S
o S~ e — +
- - |~ —la o
)

L]
- — o —I-E
7reqency of the -] e +
natural oscilla« ~—~— ~—— —
tions of the + s <le
resonator . e | ..+
f 9 mega“ N—— ~—— [ N
resonator \.. \_ —
hertz \
3 2
2| E e
T
! | p s
—-ln I l +
- 22 ol b
Resonance wave T+ :z \_*_/ :, I~
length A, meters o ™ ~ N~
) NN ~ (I +
_|.. _l_. _|° ;'_\
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. outside resonance of the same shield will have effectiveness of more than
100 decibels. Therefore a mandatory condition of the use of electrically
thin materials is preliminary determination of whether the magnitude of
the decrease in effectiveness in the resonance band is within the
admissible 1imlts.

MO TN N L_ — T
. ‘_ r— N I
\‘\ \\ A‘:”df \?,
Y ~N NS 44’604 Kl
L\\\\ SNU N \;(\\'”"’0,,%, J
~N LN ~LYy N 7.
\\\\\ \Q\\ \Z;\\ I @de 1)
~3 (4
NN AN ey
N2 N TSN % )]
s Y2 ISRBN T2 ()
; PSS =7 I
N oo
<2, ‘: N ’% ~N 1
- Nk NN
S NN PN
N \0\\\\ \\‘\\‘d
N <K N
Y >‘ S
NN \QN\\\1
2 LT
7 0 100 LMl
L L : ) L ! L L 1 1 ! s a(]')
Ryt 20 1 7 i52 0% 01 435 g2qn

Figure 1.12. Shielding effectiveness on the lowest resonance
frequency of the shield as a function of its

parameters
Key:
1. f, megahertz 4. aluminum
2. decibels 5. zince
3. copper 6. brass

?hysically the decrease in effectiveness on resonance frequency can be
txplaired by a decrease in reflection, which is caused by penetration of
the shield beyond the shield limits. It is obvious that under resomance
conditions (longitudinal or transverse) the reflecting surfaces will become
transparent, which is possible when the shield thickness becomes equal to
the integral number of halfwave lengths in the material, that is,

d=mhu/2, (1.53)
where m 1is a positive integer; AM is the wave length of the material.
Inasmuch as the wave length in the metal is determined by the expression
[17] A=27/2/wuro=2m8 and in order to exclude the effect of resonance

d>0.5)>78, the thickness of the shield material thus becomes dependent on
its type and the linear dimensions.
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The maximum reflection from the shiéld walls takes place for d=AH/4.
When using lattice materials they must be checked analogously with .
respect to the equivalent thickness determined by the formula d,=nr/s,
where rg is the radius of the grid wire; s 1s the grid spacing.

The physical phenomena observed in a closed shield, just as in a volumetric
Tesonator, must always be taken into account when building actual shields.
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CHAPTER 2. BASIC STRUCTURES OF ELECTROMAGNETIC SHIELDING FOR RADIO-
ELECTRONIC EQUIPMENT

2.1. Structural Characteristics of Electromagnetic Shielding

Modern radio-electronic equipment is distinguished by great complexity and
consistent set of elements, the interaction between whicn must occur with
respect to strictly defined channels and circuits. The appearance of any
other areas of interaction of the radio-electronic elements disturbs the
normal operating ‘conditions of the equipment.

One of the basic methods of eliminating the mutual couplings not provided
for by the functional diagram is element by element, block and total shield-
ing of the radio-electronic equipment. In this sense the shielding plays
an auxiliary role, and the design of the shields depends on their specific
purpose. If when developing the radio-electronic means the overall intent
of the designer, the location and composition of the equipment parts do

not take into .account the necessity for shielding, then the design problems
caused by this turn out to be in a subordinate position, which frequently
leads to insurmountable difficulties. If the suppression of undesirable
spurious couplings between the radio-electronic elements is one of the
basic design conditions, then the shielding takes on a leading role, which
promotes more effective and higher quality solution of the basic problem.

Thus, the design of electromagnetic shields can have the following
characteristics.

First, it can consist in the following independent shield designs. Then the
shield is in the form of an outside jacket for the equipment and must pro-
vide for thermal conditions, protection from dust and moisture, vibration
resistance, attenuation of the effect of external electromagnetic field

on the device as a whole, or localization of its electromagnetic emissions.

‘Secondly, shield designs can be developed for individual elements and

assemblies of the radio-electronic equipment when the dimensions and even
the ‘shape of the shield in practice are determined by the shielded object
itself. 1In the given case the shield must be iInscribed in the overall
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device, it mist insure minimum reaction to the shielded object, repair
suitability and normal operating conditions of the radio-electronic equip-
ment.

Finally and thirdly, the design problem can consist in the development of
electromagnetic shields as independent structures not connected with any
individual type of radio~electronic means and design for protection against
external fields or localization of the radiation of the overall radio-
electronic complex, for taking special measurements under the conditions
approaching the conditions of free space, for the assembly and the adjust-
ment of equipment, and so on.

The solution of the problem with respect to shield design, depending on
purpose, has its specific nature caused by the volume of operations and
sequence of selections. ’

If the shield is an external. jacket of the equipment, it determines the
overall composition, external appearance and operating conditions of the
radic-electronic equipment, This case is the most common, for here the
problems of block and element-by-element shielding &nd filtration of the
- circuits must be solved with maximum use of the standardized and normalized
- products and also products from other equipment assimilated by production.
The design must be made considering the characteristics of the given type
of radio~electronic equipment. The achievement of simplicity of the
structural design of the shield must be combined with its compactness,
exclusion of excessive breakdown of the overall design into individual
modules, insurance of simplicity of manufacture, high cost benefit and
improvement of operating qualities, convenience of servicing and repair of
the radio-electronic equipment and also the satisfaction of the requirements
of engineering psychology and esthetics. From these points of view it is
important to select the shielding material and its coatings properly, which
determines the technological characteristics of the equipment, its individual
devices and their operatingconditions. The requirements imposed on the
shielding follow from the general requirements on the radio-electronic
equipment and the role given to the external housing of the device.

In the latter case the technical requirements on the shielding are still
more caused by the shielding elements, Here the requirement of maintenance
of the required effectiveness is defining,

In the third case, the shield is an independent structure, for example, a
shielded facility, the operations axe performed on the basis of the
planning assignment in which the following problems must be solved;

The required effectiveness of the shielding in the given frequency baund
- is established;

The materials for the shield, its dimensions, the number and type of door
and window openings are selected}
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The version of the arrangement of the equipment is selected which insures
minimum noise level and simplicity of filtration of the interference-
carrying network;

The structural design of the basic assemblies is determined: the methods
of joining the shielding shape, fastening the shielding to the walls, the
floor, the ceiling, the structure of the contact system, the methods of
shielding the ventilation systems and the entries of the various communica-
tion lines;

The types and number of cables .introduced into the shield are established,
the types .of filters and points of their installation are selected, and the
branch points of the electric circuits are made;

_ The methods of laying and introducing the unfiltered high~frequency cables
. and cables carrying nonsinusoidal currents or voltages are selected.

- One of the basic causes of the appearance of mutual interference is
insufficient attention to the problems of shielding and filtration of the
radio-electronic equipment and other electrical devices. This can be con-
firmed at least by the fact that the technical requirements on the radio-
electronic devices frequently do not contain specific requirements with
respect to limiting emissions and external interference suppression. More-
over, it is known that the side and extraband emissions and reception
channels with insufficient shielding effectiveness occur not only through
the antenna-feeder system, but also through various openings, slits in the
structures of the radio-electronic equipment ‘and the opened (unshielded) T
_ feeder lines. The insufficient consideration of the indicated facts

essentially lower the effectiveness of developing the radio-electronic

equipment as a whole.

The solution of the general or partial technical problem with respect to
electromagnetic shielding usually begins with the study of the radio device,
as a resul: of which the sources .are discovered and the most economical
means of artenuating the radio interference are planned. These methods

can provide for the following:

- Introduction into the circuits, the design and placement of the equipment
assemblies, additional elements and changes providing for a decrease in
interference levels to minimum values as a result of the influence both
on the interference source and on the paths of propagation of the
interference;

Protection of the most sensitive elements of the radio-electronic equipment
from the effect of interference by partial or complete shielding;

Localization of the interference at the points of its generation or in the
volumes from which these most sensitive elements of radio-electronic equip-
- ment or the equipment itself are excluded.
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It is natural that the interference in the circuit and the basic design of
the equipment must be minimal and justified from the point of view of
changing 'its technical and economic indexes after shielding. Thus, after
analyzing the schematic diagram and the structural design of the radio-
electronic equipment, the question of selecting the shielded spaces, cir-
cuits and elements is decisive. When designing the shieid itself, the
designer must consider measures with respect to its electrical (and mechani-
cal, if required) seal and the continuity of the shielding, cooling and
ventilation, the introduction and exit of the communications, filtration

of the feed circuits, the signal and control circuits.

With all the apparent simplicity of the structure of the electromagnetic
shield, their technical realization frequently gives rise to defined diffi-
culties. This is caused by the significant divergence of the calculated
data by comparison with the experimental data in the absence of sufficiently
substantiated methods of testing the shields in a wide frequency band. Inas-
much as in many cases the shielding and filtration system is a complicated
complex of closed and open flat shields, wave guide filters, ,electric
filters and other elements, the final finishing of the structural design
must take place on a model. However, with efficient placement of the parts
and elements of the shielding system in accordance with the calculated data,
the corrections introduced into the design usually are insignificant.

The leading operating design document is schematic diagram of the shielding
system on which the noise forming and emitting elements must be isolated
with estimation of the interference levels and the susceptible (sensitive)
elements with indication of the admissible values of the induced inter-
ference emf and the degree of required attenuation. The diagram of the
mutual coupling of the element and the assemblies obtained in this way is
drawn up successively throughout the entire work and changes as satisfactory
results ave achieved in different design phases. It is obvious that with
the same initial data a defined numbér of versions of such systems can be
obtained, which depends on the complexity of the problem and the experience
of the designer. On the whole, it must lead to the optimal technical solu-
tion. It must be noted that unsubstantiated rejection of any of the versions
or refusal to consider any factor determining the interference intensity
under the assumption that the corresponding correction will be made when
installing the device frequently leads to a delay in executing the design

of the shielding systeni, putting the radio-electronic equipment into opera-
tion and excessive expenditures of means. As a result, the required shield-
ing effectiveness cannot be insured.

2.2. Materials for Shields

For a long time in electromagnetic shieldling engineering only the so-called
"traditional" materials were used -- metal sheets. This is explained primar-
ily by the fact that the high conductivity provides for rapid damping of
electromagnetic energy in the.hody of the metal, and great distance

between the surface resistance of the metal and the total resistance of the
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incident wave leads to significant reflections of the radio waves from the
surface of the chield. As a result, the metal sheet of insignificant
thickness has high shielding effectiveness. However, the practice of
shielding indicates that the extraordinarily high effectiveness of the
metal itself actually is only 10 to 20% realized inasmuch as the primary
factor here is the quality of the design. Questions about the expediency
of applying highly effective materials having comparatively high cost which
do not insure the required size and welght characteristics and the form of
the structural designs required from the point of view of the shielding
and other conditions naturally arise. Therefore in many cases it turns out
to be possible to replace a metal shield with a shield made up of other
material. This possibility also arises from the assimilation of a number
of new materials. The necessity of obtaining the required effectiveness,
the problems of insuring mobility of the design, simplification of its
assembly, reduction of costs, and so on have created prerequisites for the
- application of new materials, the natural capacity of which for shielding
electromagnetic fields can also not be very high.

Metal materials are selected from the following conditions:

Achievement of the given magnitude of attenuation of the electromagnetic
field and its components in the operating frequency range with corresponding
Trestrictions of the shield dimensions and its effect on the shielded object;

Resistance to corrosion and mechanical strength;

Technological nature of the shield design and obtaining of the required
configuration in weight and size characteristics.

The first requirement is in practice satisfied by all of the sheet material
used at the present time (steel, copper, aluminum, brass), for with
corresponding thickness of them they insure sufficiently high shielding
effectiveness.

If we consider the shielding effectiveness by magnetic and nonmagnetic
materials of identical thickness as a function of frequency, then for the
different frequency ranges the shielding properties will be different.
Until the shield operates under magnetostatic conditions, the effectiveness
of the magnetic materials is appreciably higher than nonmagnetic materials.
Under electromagnetic conditions, in the frequency band where the shielding
effectiveness as a result of reflection is greater than the absorption
effectiveness, the nonmagnetic materilalshaving greater conductivity by
comparison with the magnetic material insure higher effectiveness. In the
frequency range where the shielding properties are exhibited more as a
result of absorption, the effect of the nonmagnetic materials on the total
shielding effectiveness increases. However, in real shields the indicated
properties of the magnetic and nonmagnetic materials are poorly manifested.
The predominant application of steel here is determined by the economical-
ness and technological nature of the design.
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The advantages of steel are lost when shielding current-carrying elements
which are critical to the losses introduced into them. For example, under
other equal conditioms, comparing the losses of power in the shields made
of steel and copper, assuming in this case that d>>§, we obtain

X0 T s—
?@?\cé‘,‘{, =l/¢w : 2.1)

Key: 1. steel; 2, copper

From (2.1) it follows that since Ocopper>Tsteel and up>>1, the losses in
the steel are always higher, For example, for u,=50 the power losses in
the steel shield will be approximately 18 times greater than in the copper
shield. Thus, as a result of the high losses introduced by the steel
shields, their application is basically limited.

When shielding high-frequency oscillatory circuits and other circuits by
cylindrical shields with the condition that the losses of the oscillatory
power do not exceed 1%, the shield radius, as follows from [23], must be
no less than

or & @
- R:>ﬂ8,5f, /W, (2.2)

where ry is the coil radius, meters; Ly 1s the length of the coil, meters;
n is the number of turns of the coil; T is the coil current, amEs;

¢ is the specific conductivity of the shield material, (ohm-m)~1; P is
the generator power, watts; 6§ is the depth of penetration.

If in this case under other equal conditions we use steel and copper shields,
then the ratio of their radii must be

RcT(l) ’ Iydy —_— 5

= =1 2o, . :
Ra2) V' ocrder wer U (23)
Key: 1. steel; 2. copper
Since usually Tcopper>Vsteel and Hp>?>1, then Rsteel>Rcoppet and the over-

all dimensions of the steel shield turn out to be greater than copper,
For example, if p.=50, then for the same losses the radius of the steel
shield must be approximately twice the radius of the copper shield. The
results of comparing the steel with other nonmagnetic materials from the
point of view of their use in electromagnetic shielding of high-frequency
coils with high Q-factor look approximately the same. These results turn
out to be valid for shields of any shape reduced in the general case to
the equivalent cylinder or sphere.
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The dissipated power usually decreases with an increase in the equivalent
radiu